Novel green-chemistry synthesis of silver nanoparticles (AgNPs) is introduced as a low-cost, rapid and easy-to-use analytical method for mercury ion detection. Aqueous fruit extract of water apple (Syzygium aqueum) was used for the first time as bioreductant to synthesize stable AgNPs. The prepared AgNPs have a yellowish-brown color with a surface plasmon resonance peak at 420 nm. The addition of Hg(II) ions then changes the AgNPs color to colorless. The color change was in proportion to the concentration of Hg(II) ions. The presence of other metal ions in the system was also evaluated. The proposed method shows good selectivity and sensitivity towards Hg(II) ions. Using UV-visible spectrophotometry, the detection limit of the developed method was 8.5 × 10 -7 M. The proposed method has been successfully applied for determination of Hg(II) ions in tap and lake water samples with precision better than 5%.
Introduction
The advancement of real-time, rapid and cost-effective tools for analyzing mercury (Hg) concentrations in environmental samples is very important due to seriousness of mercury toxicity to humans. Toxic effects of mercury include damage to the nervous system, brain, kidneys and lungs. 1, 2 Mercury is a heavy metal, which, in the metallic zero oxidation state, Hg(0), exists as a vapor or as a liquid metal. In the mercurous state, Hg(I), it exists as inorganic salts, and in its mercuric state, Hg(II), may form either inorganic salts or organometal compounds. Among the three groups, dimethylmercury, Hg(CH3)2, is the most toxic compound because of its mobility in living systems and ability to cross cell membranes. [2] [3] [4] The sources of mercury include natural degassing of the earth's surface, coal-burning power plants and gold-mining operations. 5 Mercury does not break down in the environment, and thus is a persistent pollutant. The consumption of fish and shellfish is the most significant pathway of mercury exposure in humans, due to bioaccumulation of methylmercury through the food web. 3 Various analytical methods have been developed to monitor mercury concentrations in environmental samples, including cold vapor atomic fluorescence (CV-AFS) 6 and inductively coupled plasma mass spectrometry (ICP-MS). 7, 8 However, these instrumentation methods are expensive, laborious and timeconsuming. In regards to these drawbacks, methods providing low-cost and rapid detection of mercury in the environment using silver nanoparticles (AgNPs) and gold nanoparticles (AuNPs) as colorimetric sensors are advantageous. These analytical methods transform analytes concentration into color changes, which have the potential for simple in-the-field qualitative and quantitative applications through colorimetric or naked-eye detection. Thus, colorimetric methods using AgNPs and AuNPs have shown to be promising tools for monitoring the level of mercury, especially in highly polluted areas. [9] [10] [11] [12] [13] Nanotechnology is a rapidly growing field for producing tools using particles on the order of about a nanometer (10 -9 m) in scale. Nanotechnology offers significant improvements to benefit the life sciences, healthcare, and industrial technology. 14 An eco-friendly process for the synthesis of metallic nanoparticles is an important step in nanotechnology. Recently, the use of eco-friendly nanotechnology for the development of selective and sensitive detection methods in the analytical and biological sciences has become increasingly important. [15] [16] [17] Particularly, colorimetric sensors have a distinct advantage due to their simplicity, rapidity, high selectivity, and ease of use, including allowing real-time qualitative and quantitative analysis. 18, 19 Fruit extracts, which have heteroaromatic rings and hydroxyl, carbonyl and carboxyl groups, act as reducing as well as stabilizing agents in AgNP synthesis. 20, 21 Here we present and discuss the first report of AgNP biosynthesis using water apple (Syzygium aqueum) fruit extract as a replacement to toxic chemical substances and its application for Hg(II) colorimetric detection. Water apple belongs to a species of brush cherry tree and is found in tropical countries. It can be harvested from the July to December, and thus it is easily utilized.
Experimental

Materials
Silver nitrate, as a precursor for AgNPs, salts of additional cations tested, and all other chemicals were supplied by Merck Ltd. (Darmstadt, Germany). Fresh fruits of water apple were obtained from a local market in Indonesia. All glassware was washed with detergent (5%), 4 M HCl, and water before use. Double-distilled deionized water was used throughout the experiments.
Instruments
Absorption spectra of the synthesized AgNPs were measured using a UV-visible biospectrometer (Eppendorf, Germany). Fourier transform infrared (FTIR) spectra were obtained on a Prestige 21 (Shimadzu, Japan). The morphology and size of AgNPs were analyzed using a scanning electron microscope (SEM) type EVO MA10 (Carl Zeiss, Germany). A Canon 30D digital camera (Tokyo, Japan) was used to record pictures.
Biosynthesis of silver nanoparticles
Fresh water apple fruits were cleaned and washed with water to remove dust. Fifty grams of fine-cut fruit were boiled with 50 mL of water at 80 C for 15 min. The boiled water was then separated from the remaining small solids by filtration through Whatman filter paper to obtain the extract. The fresh extract was prepared daily to obtain consistent and accurate results.
An aqueous solution of 1 mM AgNO3 was prepared in Erlenmeyer flasks and the appropriate volume of fruit extract was added to reduce Ag(I) ions to colloidal metallic Ag(0) nanoparticles under natural sunlight irradiation for 30 min. Additionally, a control of AgNO3 and fruit extract mixture was kept at room temperature without sunlight irradiation. Biosynthesis of AgNPs was optimized by testing different ratios of fruit extracts and AgNO3 solution. The volume ratios of fruit extract to AgNO3 were 1:5, 1:1, 2:1, and 5:1. An aliquot of the mixture was sampled at given time points to monitor the progress of AgNP biosynthesis by UV-vis spectrophotometry. The pH of the reaction was maintained at 4.5 ± 0.2. UV-vis spectra were recorded from 270 to 700 nm at a resolution of 1 nm and further characterizations were conducted by FTIR and SEM. For FTIR analysis, a small amount of solution containing fruit extract (or AgNPs) was poured into a petri-dish and left in the oven at 250 C for 24 h until all of the solvent evaporated. The dried fruit extract (or AgNPs) was mixed with KBr and pressed to a plate for measurement. All of the FTIR spectra were measured at a resolution of 4 cm -1 with 40 scans.
Colorimetric detection of mercury ions
For colorimetric detection of Hg(II) ions in aqueous samples, 5 mL aliquots of freshly prepared AgNPs were transferred to transparent glass vials, and then a known concentration of Hg(II) and other metal ions (Al, Co, Cr, Cu, Fe, Mg, Mn, Na, Ni, Pb and Zn) were added into the vials. Subsequently, the absorption spectra were recorded using a UV-visible spectrophotometer after appropriate incubation and photographs of the solutions were taken with a camera. For real water analysis, tap and lake water samples were collected in the nearby area of our campus and filtered prior to use. Standards and samples were prepared under identical conditions and all experiments were repeated three times to confirm reproducibility.
Results and Discussion
Effect of sunlight irradiation and fruit extract concentration on AgNP formation
Chemical reductants such as NaBH4 have been widely used to reduce Ag(I) to Ag(0) in producing AgNPs. In addition, fossilorigin energy in various forms has also been used to accelerate the production of AgNPs. In this report, we propose a green route to synthesize AgNPs using an aqueous extract of water apple fruit as a bioreductant coupled with sunlight irradiation as a renewable energy to speed up the synthesis reaction. This less hazardous synthesis protocol coupled with energy efficiency are both important principles and practices of green chemistry. 22 Figures 1 and 2 show the results of AgNP formation without and with sunlight irradiation, respectively, as measured by UV-visible spectra absorbance. Without the assistance of sunlight irradiation AgNPs started to form from a 1:5 ratio of fruit extract to AgNO3 solution after 1 day of incubation, with increasing synthesis at day 2 and day 7 (Fig. 1 ). With 2:1 and 5:1 ratios of fruit extract to AgNO3 solution AgNPs were not formed in the absence of sunlight even after 7 days of incubation.
In contrast, with the assistance of sunlight irradiation, the formation of AgNPs occured after only 30 min incubation time. While every ratio of fruit extract to AgNO3produced AgNPs Fig. 1 Time-dependent UV-visible spectra of AgNP formation at room temperature and without sunlight irradiation, with 1:5 volume ratio of fruit extract to AgNO3 solution, resulting in a broad peak absorbance at 440 nm. The highest absorbance of synthesized AgNPs was formed after 7 days. Fig. 2 Time-dependent UV-visible spectra of AgNP formation with sunlight irradiation and 2:1 volume ratio of fruit extract to AgNO3 solution, resulting in a sharp peak absorbance at 420 nm. AgNPs were formed after 30 min and aggregated after 7 days at the same wavelength (420 nm) of peak absorbance.
when exposed to sunlight, the best ratio of 2:1 is shown in Fig. 2 . The optimum condition as shown in its very intense absorbance and narrow peak suggests that using a 2:1 concentration of fruit extract to AgNO3, it is likely that all of Ag(I) was reduced to Ag(0). The as-prepared AgNP colloidal solution was yellowish-brown and transparent, indicating good dispersity of AgNPs in water. The UV-visible absorption spectra of AgNPs show an absorption peak at 420 nm due to the surface plasmon excitation. 23, 24 From these results, it is determined that sunlight-assisted photochemical reaction accelerates the time of reduction of Ag(I) to metallic Ag(0) nanoparticles from 7 days to only 30 min. Therefore, photoreduction provides very rapid and efficient formation of AgNPs. This phenomenon may be attributed to the photogeneration of organic radical species from the sensitizer molecule. 25, 26 Figure 3 shows two possible reaction mechanisms for AgNP synthesis using the bioreductant ascorbic acid (Vitamin C) that is contained in the water apple fruit as a model. Ultraviolet radiation from the sun will generate a free radical that has a tendency to react with other compounds, and so the unstable free radical will readily reduce Ag(I) ion to Ag(0) as a starting point of AgNPs. The reaction time with sunlight irradiation (Fig. 3b) was significantly faster than those without sunlight irradiation (Fig. 3a) . Based on these results, unmodified and freshly prepared AgNPs produced under sunlight irradiation were used for subsequent experiments.
FTIR and SEM analysis of fruit extract and AgNPs
FTIR measurements were carried out to identify the presence of biomolecules in the water apple fruit extract responsible for reducing Ag(I) to metallic silver Ag(0) and stabilizing AgNPs. The FTIR spectra of water apple fruit extract and AgNPs are shown in Fig. 4 . For both samples, prominent absorption bands at 3410 cm -1 can be assigned to absorption bands of O-H stretching of alcohols and/or phenols. 27 Absorption bands at 2840 cm -1 are characteristic of C-H stretching vibration. In the spectrum of fruit extract, medium bands at 1720, 1675, 1077 and 686 cm -1 may result from the C=O stretching, C=C ring stretching, C-OH bending and C-C ring stretching vibration, respectively. [27] [28] [29] Comparison of FTIR spectra of the fruit extract and AgNPs indicating the shift of wavenumbers coupled with the decrease and disappearance of the bands at 3410 and 1077 cm -1 after bioreduction suggest that polyols are mainly responsible for the reduction of Ag(I), 28 and also supported by C=C and C-C ring stretching bands at 1675 and 686 cm -1 . The vibrational bands corresponding to the bonds O-H, C-H, C=C ring, C-OH and C-C ring are derived from water soluble compounds such as ascorbic acid, 29 as well as flavonoids and polyphenols. 30, 31 These results are in accordance with previous research that show a high content of ascorbic acid and flavonoid in water apple fruit. 32, 33 Hence, it may be inferred that these water-soluble polar compounds are responsible for both reducing Ag(I) and efficient stabilization or capping of the prepared AgNPs. The spherical shape of AgNPs was confirmed by SEM analysis with an average size of 28.7 nm (Supporting Information Fig. S1 ). These results were in accordance with previous results of green synthesized AgNPs that have a peak absorbance at a wavelength of 420 nm.
19,34
Colorimetric detection of mercury and analytical performance
Unmodified AgNPs produced in the present study were tested for their application as a colorimetric sensor for the detection of Hg(II) ions. Detection ability of prepared AgNPs was studied for alkali, alkaline earth and transition metal ions (Fig. 5) . It was found that the synthesized AgNPs were highly selective to Hg(II) ions, resulting in the largest absorbance difference, and thus providing a positive indicator for qualitative detection and prompting further analysis for quantitative application. Although Fe(III) gave a detectable response, generally the effect of alkali, alkaline earth, and other transition metal ions present in the samples, up to 250 ppm, was negligible (Fig. 5) . Figure 6a demonstrates the digital image of AgNP colloidal solution after addition of various concentrations of Hg(II) ions and the corresponding UV-visible spectra (Fig. 6b) . Gradual broadening and decrease in peak absorbance of the surface plasmon resonance (SPR) band were observed during successive addition of Hg(II) ions into AgNPs along with a blue shift from 420 nm for pure AgNPs to 380 nm upon addition of 50 ppm Hg(II) ions (Fig. 6b) . These phenomena are known as Mie blue shift, 35 in which particle diameter was decreasing and the distance between nanoparticles become closer during Hg(II) reduction by AgNPs, thus increasing their frequencies and at the same time shortening their wavelength. The same phenomena on AgNPs are also reported in previous research, [36] [37] [38] while those of AuNPs were dominated by red shift. 10, 12 The ability of AgNPs to quantitatively detect Hg(II) was demonstrated by adding different concentrations of Hg(II) to AgNPs and calculating the change in SPR band intensity monitored by UV-visible spectrophotometry. As shown in Figs. 6 and 7, the intensity of the SPR band gradually decreases with the addition of Hg(II) ions. The absorbance difference increased linearly with the increasing concentration of Hg(II) ranging from 5 to 100 μM. The linear regression coefficient (R 2 ) was 0.9988 with a detection limit of 0.85 μM (defined as 3 of the blank, n = 10) making it suitable for quantitative determination of Hg(II) ions in aqueous solutions at ppb level.
The limit of detection of various Hg(II) analytical methods are compared to the AgNP protocol here ( Table 1 ). The detection limit of our method is comparable with previously reported values using spectrophotometry coupled with AgNPs, AuNPs, and organic ligands. Among all reported methods, the lowest detection limit was obtained by using CV-AFS 6 and the more sophisticated instruments such as ICP-MS. 8 In contrast to the proposed AgNP protocol, however, CV-AFS and most of these ICP methods have used initial preconcentration steps of up to 200 times concentration-factor to increase the detection limit. 39, 40 Therefore, the detection limit of the proposed AgNP method could be improved by applying a preconcentration step as an initial procedure. [41] [42] [43] In addition to enriching the concentration of an analyte in final solution, initial preconcentration steps are also useful to remove the high matrix content in samples (e.g. seawater) that interfere with analysis. Further, an advantage of the proposed AgNP method is that it can be optimized for field applications by using digital image colorimetry. 44, 45 Finally, we applied the proposed method to real aqueous samples of tap and lake water as shown in Table 2 . These samples were also spiked with known concentrations of Hg(II) to check the recovery and precision of the proposed method. Unspiked tap and lake water have no detectable Hg(II) while the recovery percentages of spiked samples were between 95 to 102% with a precision better than 5%.
Revisiting the mechanism of Hg(II) colorimetric detection using AgNPs Table 3 shows standard reduction potentials for several chemical elements used in AgNP fabrication and colorimetric detection. Ascorbic acid and flavonoid (e.g. quercetin), as biomolecules in fruit extract responsible for the reduction of Ag(I) to Ag(0) and formation of AgNPs, have a reduction potential +0.35 and +0.33 V, respectively. [51] [52] [53] Besides bioreductants, these biomolecules also act as capping agents for AgNP stabilization.
In addition, Hg(II) has a higher reduction potential than Ag(I), thus spontaneous redox reaction of 2Ag + 2Hg 2+ → 2Ag + + Hg2 Based on this reduction potential chemistry, we propose a revised mechanism illustrated in Fig. 8 for Hg(II) colorimetric detection through redox reaction (upper scheme), and its corresponding AgNP aggregation (lower scheme) that takes place without Hg(II) in the mixture. Although both processes give a decrease in peak absorbance (see Figs. 2 and 5 ), the oxidation of Ag(0) by Hg(II) generates a blue shift of AgNP absorption band while the aggregation of AgNPs shows the same peak absorbance wavelength (i.e. 420 nm).
The aggregation of AgNPs that took place after a long period of storage (more than 7 days, in our case) is due to electromagnetic interactions between the particles, inducing nanoparticles agglomeration to a larger size 55 and thus changing the initial color of AgNPs from yellowish-brown to dark brown, including a small amount of suspended particles in the bottom of the vials as shown in the lower scheme photograph of Fig. 8 . After a longer period of storage, all particles aggregated and the solution became clearer with black precipitate. Therefore, it is clear that colorimetric Hg(II) detection through a color change from yellowish-brown to colorless has a different mechanism with those of AgNP aggregation. This revised mechanism advances the previously proposed mechanisms. 37, [56] [57] [58] However, some mercury colorimetric detection methods using different capping agents or functionalized AgNPs could produce a colored mixture after the addition of Hg ions, indicating a different reaction mechanism, 59 as also observed in mercury colorimetric detection using AuNPs. 60 In these reactions, instead of direct reaction between Hg(II) ions with Ag(0) of AgNPs (or with Au(0) of AuNPs), the interaction between Hg ions with capping agents to form the larger size of nanoparticles that lead to aggregation is more dominant. In addition, as shown in Table 3 , Au(III) has a very high reduction potential, and thus Hg(II) can not oxidize Au(0) of AuNPs to Au(III) as it occurs on the AgNP system.
Conclusions
A new low-cost, rapid and green method for colorimetric detection of mercury using silver nanoparticles (AgNPs) was developed. The production of AgNPs can be completed within 30 min at room temperature with sunlight irradiation assistance. The water-soluble bioactive compounds from Syzygium aqueum fruit extract that act as bioreductants of Ag(I) to form AgNPs are determined to most likely be ascorbic acid and flavonoid compounds. The presence of Hg(II) ions in the mixture will re-oxidize Ag(0) of AgNPs to Ag(I) ions and thus change the yellowish-brown color of AgNPs to colorless linearly with the increase of Hg(II) concentration. By using UV-visible spectrometry, the detection limit of the developed method was found to be 0.85 μM with precision better than 5% for replicate samples analysis. The robust detection protocol of the developed method could be a promising tool for real-time qualitative and quantitative mercury analysis in aquatic environments.
